Bacteria employ a coordinated SOS response to DNA damage by enhancing transcription, translesion synthesis, and recombination; a similar phenomenon has not been reported in eukaryotes. Here, we demonstrate that the ubiquitination complex Rad6-Rad18 is required for the increased transcription of a large number of yeast genes in response to DNA damage. Rad6-Rad18 promotes DNA-damage-dependent transcriptional induction as well as checkpoint functions by catalyzing monoubiquitination at the K197 residue of the Rad17 subunit of the 9-1-1 complex. Rad17 ubiquitination invokes both DNA damage responsive pathways by promoting efficient Rad53 phosphorylation, possibly through the recruitment or maintenance of the 9-1-1 clamp at sites of lesions. Taken together, the Rad6-Rad18 complex is involved in the control of global gene regulation in a way reminiscent of the bacterial SOS response and plays key roles in coordinating several DNA damage response pathways through ubiquitination of two DNA clamps, PCNA and 9-1-1.
INTRODUCTION
In response to genotoxic agents, all eukaryotic organisms activate a set of surveillance mechanisms called DNA damage checkpoints (Weinert and Hartwell, 1988) . The activation of this signal transduction pathway leads to a delay in cell-cycle progression to prevent replication or segregation of damaged DNA, and to induce transcription of genes that are involved in DNA repair and metabolism (Friedberg et al., 2006) .
The DNA damage checkpoint network is considered to be a signal transduction cascade consisting of four major groups of proteins that act in concert to relay the signal of damaged DNA to the cellular process that promote cell-cycle arrest and DNA repair. These checkpoint proteins are comprised of: (1) sensors that recognize damaged DNA directly or indirectly and function to signal the presence of DNA lesions, initiating a biochemical cascade of activity; (2) mediators that amplify and convert a sensor input into a transmissible signal; (3) transmitters or effectors, which are often protein kinases; and (D) effector targets that are modulated by the effector to execute cellular functions (Friedberg et al., 2006) .
In order to activate the cellular response to DNA damage, the checkpoint pathway must sense DNA lesions and then transduce the damage signal to downstream targets. In the budding yeast Saccharomyces cerevisiae, genes involved in sensing DNA damage have been proposed to function in two distinct groups defined by RAD9 and by the RAD24 subclass of genes, including RAD17, RAD24, MEC3, and DDC1 (de la Torre-Ruiz et al., 1998; Lydall and Weinert, 1995) . However, more recent studies suggest Rad9 to be a mediator (Sweeney et al., 2005) . Rad24 shows homology with the large subunit of replication factor C (RFC), a pentameric protein complex serving as a clamp loader for proliferating cell nuclear antigen (PCNA) in DNA replication and repair (Griffiths et al., 1995) . An alternative RFC complex consisting of the four small RFC subunits and Rad24 has been isolated from S. cerevisiae (Green et al., 2000) and is thought to be an alternative clamp loader for the 9-1-1 complex made of Rad17, Mec3 and Ddc1 (Kondo et al., 1999) , Upon DNA damage, the 9-1-1 clamp rapidly accumulates to DNA lesions in a RAD24-dependent but MEC1-independent manner (Kondo et al., 2001; Melo et al., 2001) .. Conversely, Mec1 in complex with Lcd1/Ddc2 localizes to DNA independently of RAD24 and the 9-1-1 components suggesting that early activation of DNA damage signaling requires the colocalization of 9-1-1 and Mec1 to DNA lesions (Majka et al., 2006) .
Checkpoint proteins such as 9-1-1 and Mec1-Ddc2 are placed in the sensor class primarily based on genetic, cell biological, or biochemical properties rather than via direct evidence that supports a role in DNA-damage sensing. Although the transcriptional response to DNA damage appears to share components with damage checkpoint, the two pathways are apparently different. For example, The Dun1 kinase is activated by Rad53 and plays an important role in activating a large number of damage-inducible genes (Zhou and Elledge, 1993; Zhu and Xiao, 2001 ), but not so for the checkpoint response. To date, the proteins responsible for triggering a transcriptional response to DNA damage have not been identified.
In this study, we tested a hypothesis that genes involved in DNA repair may play roles in transcriptional regulation in response to DNA damage by activating the damage-checkpoint pathway. A systematic survey of mutants defective in DNA repair revealed that only deletion of RAD6 or RAD18 resulted in a compromised DNA damage-induced transcriptional response. We also report that ubiquitination of Rad17 by Rad6-Rad18 is a key event in this novel transcriptional response. Moreover, we found that Rad17 ubiquitination is also involved in the checkpoint response at large. Based on these observations, we present a model in which the Rad6-Rad18 complex, through modification of two DNA sliding clamps, PCNA and 9-1-1, coordinates several cellular responses to DNA damage, including gene regulation, translesion synthesis, error-free lesion bypass, and damage checkpoint.
RESULTS

RAD6
and RAD18 Are Required for the DNA Damage-Dependent Induction of MAG1 and DDI1 We examined a panel of isogenic yeast gene deletion strains defective in various DNA repair pathways for their ability to support MAG1-lacZ and DDI1-lacZ reporter gene expression in the presence and absence of DNA damage induced by methyl methanesulfonate (MMS), a chemical carcinogen that specifically induces replication blocks and S-phase checkpoints. MAG1 and DDI1 are two divergently transcribed genes found in budding yeast (Chen et al., 1990; Liu and Xiao, 1997; Xiao et al., 1993) , and are involved in DNA repair (Chen et al., 1989) and regulation of exocytosis (Lustgarten and Gerst, 1999) , respectively. Both genes are DNA damage inducible and both contain common as well as unique cis-acting regulatory elements (Liu and Xiao, 1997; Xiao et al., 1993) . Deletion of MAG1 or APN1 and APN2 (representing base excision repair), RAD2 (representing nucleotide excision repair), RAD51 or RAD52 (representing homologous recombination), or PMS1 (representing mismatch repair) has no apparent effect on the induction of either reporter gene ( Figures  1A and 1B) , suggesting that they are not required for transcriptional regulation. In contrast, deletion of RAD6 or RAD18 (representing postreplication repair, PRR) significantly reduced the expression of both reporter genes ( Figures 1A and 1B) .
RAD6 encodes a ubiquitin-conjugating enzyme (Ubc or E2) involved in diverse cellular functions (Prakash et al., 1993) . In addition to PRR and mutagenesis, RAD6 is also required for sporulation (Morrison et al., 1988) , telomere silencing (Huang et al., 1997) , and protein degradation based on the aminoend rule (N-end rule) (Dohmen et al., 1991) . In contrast, RAD18 is absolutely required for PRR and mutagenesis, but not for other RAD6 functions (Broomfield et al., 2001) . The protein product of RAD18 has single-stranded DNA (ssDNA) binding activity and exhibits ssDNA-dependent ATPase activity (Bailly et al., 1994 (Bailly et al., , 1997 . Indeed, Rad18 and Rad6 form a stable heterodimer, which is required for PRR (Bailly et al., 1994) . Since deletion of RAD18 reduced MAG1-lacZ and DDI1-lacZ induction to a level indistinguishable from that of the rad6 mutant (Figure 1) , we conclude that this activity is mediated by the Rad6-Rad18 complex.
In order to distinguish whether the above phenotype is due to a direct effect on the target genes or an indirect effect on the lacZ , rad6 (C), or rad18 (B) mutants. All results are the average of at least three experiments. Error bars indicate standard deviations. (E) Northern blot analysis of MAG1 and DDI1 expression. Total RNA was isolated from wild-type, rad6 or rad18 cells after 0, 0.01%, 0.05%, and 0.1% MMS treatments (as indicated by triangles) for 30 min. Each lane contains 15 mg of total RNA. The same blot was sequentially stripped and hybridized with MAG1, DDI1, and ACT1 probes. The MAG1 and DDI1 transcript level in each sample was normalized with reference to that of ACT1 from the untreated wild-type sample on the same blot. All strains are isogenic derivatives of DBY747.
reporter, we measured the MAG1 and DDI1 transcript levels by northern hybridization. The results ( Figure 1E ) are consistent with that of the reporter gene assay ( Figures 1C and 1D ). More specifically, deletion of RAD6 or RAD18 slightly increases the basal transcript levels of both genes and reduces the induction from up to tenfold to approximately two-fold ( Figures 1C and  1E ). The slight increase in basal transcript levels, which is also observed in some other DNA repair mutant strains, is probably due to increased spontaneous DNA damage. However, the significantly decreased transcript level after MMS treatment is unique to rad6 and rad18 among DNA repair deficient mutants examined ( Figures 1A and 1B) .
Several lines of evidence argue against the possibility that the lack of DNA damage-dependent transcriptional induction in rad6 or rad18 is simply due to a severely enhanced sensitivity to DNA damaging agents. First, other DNA repair mutant strains, such as mag1, rad52 (Xiao et al., 1996) and the apn1 apn2 double mutant (Johnson et al., 1998; Xiao et al., 2001) , are also extremely sensitive to killing by MMS, but do not have altered MAG1 and DDI1 inducibility ( Figures 1A and 1B) . Second, inactivation of both error-free (MMS2-dependent) and error-prone (REV3-dependent) branches of the RAD6 PRR pathway results in severe MMS sensitivity comparable to that of the rad18 single mutant (Broomfield et al., 1998 ), but does not affect MAG1 induction levels ( Figure 2B ). Finally, whereas deletion of SRS2, which encodes a DNA helicase that prevents recombination by disrupting Rad51 presynaptic filaments (Krejci et al., 2003; Veaute et al., 2003) , can alleviate the DNA damage sensitivity of rad6 and rad18 mutants (Broomfield et al., 2001) , we found that it does not restore MAG1 induction ( Figure 2C ).
Deletion of RAD6 or RAD18 Globally Decreases DNA Damage-Dependent Transcriptional Induction In order to determine the role of Rad6-Rad18 in the transcriptional response to DNA damage at the genome level, we carried out DNA microarray analyses. Treatment of wild-type cells with 0.1% MMS for 48 min increased mRNA levels of 751 genes at least two-fold or more, which is comparable to other reports (Gasch et al., 2000; Jelinsky and Samson, 1999) . When experiments were performed in rad6 and rad18 mutants, 379 of the MMS-regulated genes showed similar transcript levels as determined by Self-Organizing Map analyses, with decreased transcript levels by at least 1.5-fold or greater (significance of p < 0.01 with a one-way ANOVA test compared with wild-type; Figure S1A) . Of the 379 genes, 61% are involved in functions such as DNA repair, control of replication and transcription, regulation of the cell cycle and cell metabolism ( Figure S1B and Table S1 available online). We notice that the proportion of genes affected by rad6 or rad18 appears to increase among those with higher levels of DNA damage-dependent transcriptional induction ( Figure S1C ). To ensure the accuracy of microarray data, we validated a number of transcripts ( Figure S2 ). In summary, although the quantitative change for each gene was not exactly the same between northern blot, b-galactosidase (b-gal) assay and microarray analyses, the general trend of being downregulated in rad6 and rad18 mutants was consistent among these various experimental platforms.
PCNA Modifications Are Not Required for DNA Damage-Dependent Induction of MAG1 We next sought to uncover the molecular mechanism by which Rad6-Rad18 regulates DNA damage-dependent transcriptional responses. The RAD6 PRR and mutagenesis pathway is divided into error-free and error-prone (mutagenesis) branches, represented by MMS2/UBC13 and REV1,3,7, respectively (Xiao et al., 2000) (Figure 2A ). In order to delineate which downstream event within the RAD6/RAD18 pathway is responsible for the observed transcriptional regulation, we measured basal and MMSinduced b-gal levels produced by a MAG1-lacZ reporter in mms2 and rev3 mutant strains. Surprisingly, neither of the single mutants nor the double mutant affected induction of the reporter ( Figure 2B ). This observation supports the possibility that RAD6 and RAD18 act to regulate DNA damage-induced transcription independently of their role in PRR and mutagenesis.
The only known Rad6-Rad18 ubiquitination substrate to date is the K164 residue of PCNA (encoded by POL30) (Hoege et al., 2002) . Although this ubiquitination event functions in PRR, it remains a possibility that PCNA monoubiquitination, but not the subsequent PRR activities, is required for transcriptional responses to DNA damage. To test this hypothesis, we measured MAG1-lacZ activity in a pol30-K164R mutant. The pol30-K164R mutation overrides Rad6-Rad18 activity in PRR but has no effect on MAG1-lacZ expression ( Figure 2D ). Hence, PCNA monoubiquitination is not required for transcriptional induction in response DNA damage. PCNA can also be modified by a small Ub-like modifier (SUMO) at K164 and K127, which requires the SUMO ligase Siz1 (Stelter and Ulrich, 2003) . We measured MAG1-lacZ activity in the siz1 mutant and observed no alteration in MAG1 promoter activity ( Figure 2E ). From the above results, we conclude that covalent modifications of PCNA by Ub or SUMO are dispensable for MAG1 induction.
RAD6-RAD18 Functions in the RAD24 Branch of the DNA Damage Checkpoint
The yeast cell-cycle checkpoints are required for DNA damagedependent induction of a number of genes and have been suggested to function like a eukaryotic SOS response (Aboussekhra et al., 1996; Zhou and Elledge, 1993) . The Mec1-Rad53-Dun1 pathway forms a central kinase cascade responsible for transcriptional regulation, and Rad53 phosphorylation has been regarded as a sensitive and reliable assay for checkpoint activation (Pellicioli et al., 1999) . Using a strain containing a chromosomally Myc-tagged Rad53, we performed western blot (WB) analysis and found that deletion of RAD18 alone had little effect on Rad53 phosphorylation ( Figure 3A) . It has been reported that RAD24 and SGS1 form two redundant checkpoint pathways (Myung and Kolodner, 2002) ; simultaneous inactivation of both genes results in a synergistic reduction of Rad53 phosphorylation (Frei and Gasser, 2000) . We reasoned that Rad6-Rad18 may function through one of the above two branches. Corresponding rad18 rad24 and rad18 sgs1 double mutants were created and compared with their respective single mutants on damage-induced Rad53 phosphorylation. As seen in Figure 3A , among all the mutants tested, only the rad18 sgs1 double mutant displayed a dramatic reduction in Rad53 phosphorylation, suggesting that RAD6-RAD18 functions in the RAD24 pathway parallel to the SGS1 pathway to induce Rad53 phosphorylation. This result further predicts that the effect of rad18 and rad24 on the induction of DNA damage inducible genes is epistatic, whereas that of rad18 or rad24 is additive to sgs1. Indeed, lacZ reporter assays for both MAG1 ( Figure 3B ) and RNR3 ( Figure 3C ) confirmed the above prediction. In particular, RNR3-lacZ activity is reduced by four-fold in the rad18 sgs1 and rad24 sgs1 double mutants, compared to about 30% reduction in rad18, rad24 single or the rad18 rad24 double mutant. Finally, to assess whether the lacZ reporter assay faithfully represents endogenous genes expression, we measured the native MAG1 transcript level by quantitative real-time RT-PCR. It was found that in response to MMS treatment, the MAG1 transcript level is reduced by more than twofold in rad18 and rad24 single mutants, while the rad18 rad24 double mutant has the same MAG1 transcript level as the corresponding single mutants. In contrast, the rad18 sgs1 and rad24 sgs1 double mutants displayed MAG1 induction levels barely above those without treatment ( Figure 3D ). In summary, with respect to DNA damage induction of MAG1, the effect of rad18 sgs1 and rad24 sgs1 double mutations is comparable to that of rad53, mec1 or dun1 single mutation (Zhu and Xiao, 1998; Zhu and Xiao, 2001) , indicating that RAD6/RAD18-RAD24 and SGS1 constitute two major signal transduction pathways. We suspect that in the case of RNR3, a third branch may exist that is independent of the above two branches but still depends on the central MEC1-RAD53-DUN1 signal transduction pathway, since inactivation of each of the above three genes completely abolishes the RNR gene induction (Allen et al., 1994; Navas et al., 1996; Zhou and Elledge, 1993) .
RAD6/RAD18-and DNA Damage-Dependent Monoubiquitination of Rad17
The fact that Rad24 functions as an alternative clamp loader for the PCNA-like 9-1-1 clamp Rad17-Ddc1-Mec3 led us to postulate that one of the 9-1-1 subunits may serve as a substrate for Rad6-Rad18 ubiquitination. Sequence alignments of 9-1-1 with Pol30 reveals that Mec3 and Rad17 may contain a Lys residue with flanking sequences (in bold) homologous to Pol30-K164 ( Figure 4A ). However, individually paired sequence analysis failed to align Pol30-K164 with any of the Mec3 Lys residues, while the same approach revealed strong conservation flanking Rad17-K197 and Pol30-K164 ( Figure 4A, boxed sequences) . A yeast two-hybrid analysis was performed between Rad18 and each member of 9-1-1, which revealed that only Rad17 directly interacts with Rad18, and the level of interaction is comparable to that of Pol30 with Rad18 ( Figure 4B ). The lack of direct interaction of Mec3 or Ddc1 with Rad18 was not due to lack of expression or proper folding, since they were able to interact with Rad17 in the same assay.
To examine whether Rad17 is ubiquitinated in a Rad6/Rad18-dependent manner, we used a chromosomally Myc-tagged Rad17 strain and monitored Rad17-Myc modifications by WB against whole-cell extracts. While all samples contain a band consistent in size with the expected Rad17-Myc (63.5 kDa), only MMS-treated wild-type cells showed an additional band consistent with the expected size of monoubiquitinated Rad17-Myc (72 kDa), and this modification is dependent on both RAD6 and RAD18, as well as on the Rad17-K197 residue ( Figure 4C ). Furthermore, this modification is enhanced by simultaneous overexpression of both RAD6 and RAD18 in a DNA damage-dependent manner ( Figure 4C ), which still requires the Rad17-K197 residue ( Figure 4D ). Finally, Rad17 ubiquitination is dependent on RAD24 (data not shown), indicating that Rad6-Rad18 promote ubiquitination of 9-1-1 on damaged chromatin.
To further confirm that the Rad17-Myc modification is indeed ubiquitination, we performed immunoprecipitation by first using an anti-Ub antibody for affinity precipitation and then probing with the anti-Myc antibody. As shown in Figure 4E , the anti-Ub antibody precipitated a protein that can be detected by the anti-Myc antibody and comigrates with the modified Rad17-Myc band from the whole-cell extract (cf. lanes 2 and 4). In contrast, unmodified Rad17-Myc was not detected after immunoprecipitation (lane 4), confirming the high degree of anti-Ub immunoprecipitation specificity. Cell extracts collected without the anti-Ub antibody during coimmunoprecipitation (lane 6) or with anti-Ub but without MMS treatment (lane 3) did not display the same modified Rad17-Myc band. Furthermore, in all experiments, we did not observe additional modified Rad17-Myc bands indicative of polyubiquitination. Taken together, we conclude that Rad17 is monoubiquitinated at the K197 residue in a Rad6-Rad18 and DNA damage-dependent manner.
Rad17 Ubiquitination Is Required for RAD6-RAD18 Function in the Checkpoint Response
The observation that Rad6 and Rad18 are required for Rad17 monoubiquitination after DNA damage suggests that this posttranslational modification might participate in the transcriptional response to DNA damage promoted by Rad6-Rad18. Epistasis analysis indicates that with respect to MAG1 ( Figure S3A ) and RNR3 ( Figure S3B ) induction, rad18 is epistatic to rad17 but additive to sgs1, indicating that RAD17 and RAD24 function similarly in the same pathway. The effects of rad17-K197R mutation on MAG1 ( Figure 5A ) and RNR3 ( Figure 5B ) induction are indistinguishable from those of rad17D cells, supporting a notion that within the Rad24/9-1-1 signaling pathway, Rad17 ubiquitination is solely responsible for mediating DNA damage-dependent transcriptional induction. We also monitored Rad53 phosphorylation in the above mutants. While rad18D, sgs1D, rad17D or rad17-K197R single mutation has little effect on MMS-induced Rad53 phosphorylation, in an sgs1D background, these mutations significantly reduced Rad53 phosphorylation ( Figure 5C ). Interestingly, the Rad53 phosphorylation pattern in rad17-K197R sgs1D is different from that of rad17D sgs1D, but is similar to that of rad18D sgs1D ( Figure 5C ). The significance of this difference is presently unknown.
To determine whether Rad53 phosphorylation is the sole downstream target of Rad17 ubiquitination, we measured MAG1-lacZ ( Figure 5D ) and RNR3-lacZ ( Figure 5E ) activity in rad17 rad53 and rad24 rad53 double mutants and found that deletion of RAD17 or RAD24 did not further reduce the above gene induction in the rad53 null mutant, which is consistent with a notion that Rad53 functions downstream of 9-1-1 for the regulation of damage-inducible genes.
The observation that rad17-K197R reduces Rad53 phosphorylation in response to DNA damage suggests that Rad17 ubiquitination may promote the DNA damage checkpoint. CDC13 encodes a telomere-binding protein; at a restrictive temperature, telomeres are unprotected in the cdc13-1 mutant, resulting in ssDNA accumulation and cell-cycle arrest (Lydall and Weinert, 1995) . Inactivation of Rad24 or 9-1-1 permits escape of cdc13-1 cells from such an arrest (Jia et al., 2004) . We found that rad18D or rad17-K197R mutation only partially rescued cdc13-1 cells at 30 C in a serial dilution assay compared with the strong rescuing effect of rad17D ( Figure 6A) . Similarly, after a-factor arrest and release at restrictive temperature, rad18D or rad17-K197R mutations only allowed a fraction of cdc13-1 cells to escape cell-cycle arrest at median nuclear division, while the vast majority of rad17D cdc13-1 cells readily bypassed this arrest stage ( Figures 6B and 6C ). This observation indicates that Rad17 ubiquitination contributes to, but is not necessary for the 9-1-1 damage checkpoint, which is in sharp contrast to its essential role in Rad17 ubiquitination-mediated gene regulation. Indeed, rad17-K197R cells display a very moderate, if any sensitivity to killing by MMS compared to the rad17D mutant ( Figure 6D ).
Rad17 Ubiquitination Is Required for Damage-Induced Ddc1 Nuclear Focus Formation
In an attempt to address how Rad17 ubiquitination is involved in the damage checkpoint, we monitored Ddc1-GFP and Ddc2-GFP foci in a strain where a DNA double-strand break can be induced by the HO endonuclease expressed from a galactose-regulatable promoter (Melo et al., 2001) . As expected, deletion of RAD17 completely abolished the Ddc1-GFP foci (Figures 6E and 6F) but had no effect on the Ddc2-GFP focus formation (data not shown). Under the same experimental conditions (i.e., 8 hr following HO induction), we observed that a fraction of rad17-K197R cells harbored Ddc1-GFP foci. This reduction in foci levels could be largely reversed by reintroducing RAD17 ( Figure 6F ). Hence, Rad17 ubiquitination either play a role in 9-1-1 clamp assembly at the site of DNA lesions or, consistent with the requirement of RAD24 for Rad17 ubiquitination, 9-1-1 ubiquitination might participate in the maintenance of 9-1-1 at sites of DNA lesions.
DISCUSSION
We report that two PRR genes, RAD6 and RAD18, participate in the transcriptional regulation of DNA damage-inducible genes. We found that this function is independent of PCNA ubiquitination but dependent on ubiquitination of 9-1-1, a PCNA-like sliding clamp. These studies thus identify an additional target for Rad6-Rad18 ubiquitination. Finally, we demonstrate that 9-1-1 and its clamp loader are required for Rad6/Rad18-mediated transcriptional responses and that 9-1-1 ubiquitination plays an important role in DNA damage checkpoint.
Is Rad18 a Damage Sensor?
The initial objective of this study was to screen DNA repair proteins for a possible damage sensor that triggers the transcriptional response to DNA damage. Our finding that Rad6-Rad18 is required for Rad17 ubiquitination in a DNA damage-dependent manner places the Rad18 ssDNA binding protein as a strong candidate for a sensor in the damage response pathway. On the other hand, the 9-1-1 clamp and the RFC-like clamp loader have also been previously implicated as DNA damage sensors (Friedberg et al., 2006) . It remains unclear whether the Rad24/9-1-1 and Rad6-Rad18 complexes independently recognize the damage site or one complex recruits another. Nevertheless, it is conceivable that once in proximity, Rad6-Rad18 is able to monoubiquitinate Rad17, forming an important signal at the damage site. This latter model is consistent with our observation that RAD24 is also necessary for Rad17 ubiquitination. Future research would address how Rad6-Rad18 and Rad24/9-1-1 are assembled to the damage site, whether Rad6-Rad18 acts as a sensor or a mediator and what other factors are required for Rad17 ubiquitination.
This study establishes that Rad17 ubiquitination is required for both transcriptional regulation and damage checkpoints; however, its involvement in the above two processes are apparently different. For transcriptional regulation, Rad17 ubiquitination plays an essential role, as rad17-K197R and rad17D mutants are phenotypically indistinguishable. In contrast, the rad17-K197R mutant is only partially defective for RAD17 checkpoint functions and Rad53 phosphorylation. This latter result suggests that in addition to being the ubiquitination substrate, Rad17 plays a second role in the DNA damage checkpoint, possibly through structural maintenance of the 9-1-1 clamp so that the damage signal can be transmitted through other means. Indeed, the Ddc1 subunit of 9-1-1 can be phosphorylated in response to DNA damage (Longhese et al., 1997) , which may be dependent on the structural function of Rad17 but independent of its ubiquitination. Nevertheless, it is apparent from this study that both Rad17-Ub mediated transcriptional regulation and damage checkpoints are achieved through Rad53 activation. Hence, it would be of great interest to further investigate how Rad17 ubiquitination promotes Rad53 activation.
Rad6-Rad18 and the Eukaryotic SOS Response
The roles of Rad6-Rad18 in gene regulation in response to DNA damage are reminiscent of the bacterial SOS response, in which RecA functions as a key regulator that is activated through binding to ssDNA and facilitates LexA autocleavage, leading to the derepression of over 40 SOS regulon genes (Friedberg et al., 2006) . Interestingly, like RecA, the Rad6-Rad18 complex also possesses ssDNA binding and ATPase activities, as well as being unique in possessing a Ub conjugating activity (Bailly et al., 1997) . Our microarray data indicate that RAD6 and RAD18 are coordinately required for the DNA damage-dependent induction of up to 380 genes.
In a broad sense, E. coli RecA controls three important cellular responses to DNA damage, namely homologous recombination via RecBCD and RecFOR, translesions synthesis (TLS) via PolIV and PolV, and the SOS response. Together, these processes provide a survival mechanism when cells encounter replication blocks. Our findings presented in this report, along with previous reports, argue that the Rad6-Rad18 complex assumes most if not all RecA functions to coordinate such broad cellular responses. First, Rad6-Rad18 as an E2-E3 complex monoubiquitinates PCNA to promote Polz-and Polh-mediated TLS (Hoege et al., 2002; Stelter and Ulrich, 2003) . Second, monoubiquitinated PCNA is required for PCNA polyubiquitination via a K63 chain linkage for error-free PRR (Hoege et al., 2002) , reminiscent of the RecFOR activity in E. coli (Chow and Courcelle, 2004) . Third, although Rad6-Rad18 does not have a recombinase activity like RecA, it may compete with the Ubc9-Siz1 complex that sumoylates PCNA at the same K164 residue; sumoylated PCNA recruits the DNA helicase Srs2 that inhibits the recombinase activity of yeast RecA homolog Rad51 (Papouli et al., 2005; Pfander et al., 2005) . Finally, results in this report demonstrate that Rad6-Rad18 also fulfills yet another core RecA activity in the SOS response, namely transcriptional regulation of a large number of genes in response to DNA damage, by monoubiquitinating the Rad17 subunit of the 9-1-1 clamp.
There are several notable differences between bacterial and eukaryotic SOS responses. First, eukaryotic cells employ ubiquitination, a process not found in bacteria. Second, while all SOS regulon genes share a common promoter element recognized by LexA, promoter analysis of genes induced by DNA damage and dependent on RAD6-RAD18 did not reveal common elements. Third, many DNA damage-inducible genes examined are variably regulated by cell-cycle checkpoints (Aboussekhra et al., 1996; Kiser and Weinert, 1996; Zhu and Xiao, 2001) , which appear to converge at the point of Rad53 activation, whereas the downstream events are rather different (Huang et al., 1998; Jang et al., 1999; Zhu and Xiao, 2004) .
Coordination of DNA Damage Tolerance by Dual Ubiquitination of PCNA and 9-1-1 Perhaps the most striking finding in this report is the demonstration of 9-1-1 as a novel ubiquitination target of Rad6-Rad18. Both PCNA (Hoege et al., 2002) and 9-1-1 are monoubiquitinated in a RAD6-RAD18 dependent fashion when cells are treated with MMS under similar experimental conditions. Hence, it is safe to conclude that Rad6-Rad18 coordinates cellular tolerance to DNA damage via simultaneous ubiquitination of two DNA clamps (Figure 7) . Interestingly, we recently reported (Barbour et al., 2006) that the damage checkpoint pathway may function as a third branch within PRR with respect to tolerance of MMS-induced damage. It is now clear that the damage checkpoint pathway represented by RAD9, RAD24 and 9-1-1 is not a branch of PRR (as defined by PCNA modifications) but instead is under the same umbrella of RAD6-RAD18-mediated control. Hence, in the absence of PCNA ubiquitination and presence of DNA damage, the damage checkpoint via Rad17 ubiquitination provides a pivotal role in cell survival. It is also interesting to notice a recent report (Sabbioneda et al., 2005 ) that the 9-1-1 clamp physically interacts with Polz and is involved in Polz-mediated mutagenesis. Perhaps like its PCNA counterpart (Bienko et al., 2005; Kannouche et al., 2004) , Rad17 monoubiquitination may enhance its affinity for translesion polymerases. Taken together, the Rad6-Rad18 complex is an excellent candidate for the central regulator that coordinates eukaryotic cellular responses to DNA damage, including damage tolerance, checkpoint as well as an SOS-like transcriptional regulation. Since all the signaling genes discussed in this report are highly conserved in eukaryotes from budding yeast to humans, it is conceivable that the regulatory mechanism described in this report may apply to higher eukaryotes as well.
EXPERIMENTAL PROCEDURES Yeast Strains and Plasmids
Strains (Table S2 ) used in the same experiment were isogenic derivatives, created by one-step gene deletion and confirmed by either Southern hybridization or genomic PCR. Unless specified, yeast cells were grown at 30 C in rich YPD or the synthetic SD medium with nutrient supplements (Sherman et al., 1983) .
To create the rad17-K197R strain, the RAD17 ORF was PCR amplified and cloned into pGEM-T (Promega). Site-directed mutagenesis was performed using a megaprimer strategy (Ke and Madison, 1997) and the mutant primer R17-K197R (Table S3 ). The rad17-K197R ORF missing the region encoding the N-terminal 100 amino acids was inserted into pRS306 (YIp-URA3) and the resulting plasmid was cleaved by HindIII 5 0 to the K197R site prior to transformation so that the integration strain would contain the rad17-K197R allele with its native promoter and a 5 0 truncated rad17 allele. The rad17-K197R pop-out derivative was obtained by selecting on media containing 5-fluoro-orotic acid and confirmed with DNA sequence. Plasmids used in this study are listed in Table S4 . Plasmids used for the yeast two-hybrid analysis were made by cloning each ORF into either pGBT9 as a Gal4 BD fusion or pGAD424 as a Gal4 AD fusion (Bartel and Fields, 1995) . All inserts were confirmed by sequencing and wherever possible, by functional complementation of the corresponding deletion mutants.
b-galactosidase Assay
The b-galactosidase (b-gal) assay was performed as described (Fu and Xiao, 2006b) . Data presented in the same graph were obtained in the same set of experiments and repeated at least three times. All results are presented in Miller units of b-gal activity.
Northern Hybridization and Real-time RT-PCR
Northern hybridization was performed as described previously (Zhu and Xiao, 1998) . The mRNA band intensity was measured on a Molecular Imager FX (BioRad) supported by the Quality One 4.2.1 software. Real-time RT-PCR was conducted as previously described (Fu and Xiao, 2006a ) using MAG1-RT1 and MAG1-RT2 to amplify MAG1, and ACT1-RT1 and ACT1-RT2 to amplify ACT1 as an internal control.
Yeast Two-Hybrid Analysis Yeast strain Y190 was cotransformed with different combinations of the Gal4 BD and Gal4 AD plasmids. For each combination, the cotransformed colonies were initially selected on SD-Trp-Leu plates. At least four independent colonies from each transformation were further spotted on SD-Leu-Trp as a control and SD-Leu-Trp-His containing different concentrations of 3-aminotriazole (3-AT) to test activation of the P GAL1 -HIS3 gene.
Rad53 Phosphorylation Assays
Yeast strain DSY1330 carries a chromosomally 6xMyc-tagged Rad53. Logphase yeast cultures were treated with or without 0.1% MMS for 1 hr. Preparation of yeast protein extracts from TCA-treated cells was performed as described (Pellicioli et al., 1999) . The procedure for western blot analysis was carried out as described (Fu and Xiao, 2003) . The anti-Myc antibody was purchased from Upstate. The Rad53 phosphorylation status in untagged strains was also monitored by using an anti-Rad53 antibody (Santa Cruz).
Detection of Rad17 Ubiquitination
Yeast strain SX46A R17-Myc carrying a chromosomally 13xMyc-tagged Rad17 was treated with or without 0.05% MMS for 90 min. For Rad17 IP analysis, 1 L of log-phase cells was collected and disrupted with glass beads and sonication in a PBS buffer (pH 7.2) containing 0.1% NP-40 and a cocktail of protease inhibitors (Sigma), PMSF and N-ethylmaleimide. The crude extract was further sonicated on ice three times each for 30 s prior to western blotting or immunoprecipitation. Lysates were immunoprecipitated with the anti-Ub antibody (Upstate) and protein G Sepharose beads on ice overnight. Beads were washed ten times with PBST and protein eluted with a loading buffer. The IP products were subjected to WB using the anti-Myc antibody. In response to DNA damage, the Rad6-Rad18 ubiquitination complex monoubiquitinates both Pol30 (PCNA) and the Rad17 subunit of 9-1-1. Ubiquitinated PCNA and possibly 9-1-1 recruit translesion polymerases to bypass the replication-blocking lesion. PCNA can be further polyubiquitinated by the Rad5-Ubc13-Mms2 complex, whereas monoubiquitinated 9-1-1 activates the damage checkpoint pathway leading to Rad53 phosphorylation, which results in transcriptional regulation and cell-cycle arrest. Dashed arrows indicate undefined molecular mechanisms.
Cell Survival and Progression Assays
Tenfold serial dilution assays as previously described (Barbour et al., 2006) were conducted to compare relative cell growth after MMS treatment. DL1108 cells contain a temperature-sensitive cdc13-1 allele and were routinely grown at room temperature. Serial dilution plates containing DL1108 and its isogenic derivatives were then incubated at either 25 C or 30 C for the given period.
To monitor cell-cycle progression of DL1108 derivatives at the restrictive temperature, the following protocol (Zubko et al., 2006) was used. Briefly, after G1 arrest by a-factor, cells were washed twice in YPD, resuspended in prewarmed fresh YPD and incubated at 37 C. Samples were withdrawn at the indicated time, harvested, resuspended in 70% ethanol and stored at 4 C for image processing. Microscopy was performed using an Olympus fluorescence microscope (model 1X70).
Ddc1-GFP Nuclear Focus Formation Assay yJM20 cells carry a chromosomally integrated Ddc1-GFP, a galactose-inducible HO endonuclease and a unique HO cleavage site at the telomere of chromosome VII (Melo et al., 2001 ). yJM20 and its isogenic derivatives were grown in YM1 or selective media plus raffinose, followed by transferring to YM1 plus 2% galactose. After an 8 hr incubation, cells were harvested and fixed with 4% paraformaldehyde for imaging. Microscopy was performed using a Nikon Eclipse fluorescence microscope (model E600FN) with a 1003, 1.40 Nikon PanApo oil immersion objective. GFP fluorescence was detected using a Chroma ENGFP filter set (excitation 470/40 nm, emission 525/50 nm).
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